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Obtaining a complete picture of local processes still poses a significant challenge in battery
research. Here we demonstrate an in-situ combination of multimodal neutron imaging with
neutron diffraction for spatially resolved operando observations of the lithiation-delithiation
of a graphite electrode in a Li-ion battery cell. Throughout the lithiation-delithiation process
we image the Li distribution based on the local beam attenuation. Simultaneously, we observe
the development of the lithiated graphite phases as a function of cycling time and electrode
thickness and integral throughout its volume by diffraction contrast imaging and diffraction,
respectively. While the conventional imaging data allows to observe the Li uptake in graphite
already during the formation of the solid electrolyte interphase, diffraction indicates the onset
and development of the Li insertion/extraction globally, which supports the local structural
transformation observations by diffraction contrast imaging.
Introduction
Rechargeable lithium-ion batteries are the most popular type of energy storage device with an
increasing demand on the market, either for portable electronic devices, electric vehicles or grid
energy storage. Rechargeable lithium-ion batteries are complex electrochemical devices governed
by redox reactions, which in turn affect the crystallographic structure and the micro-structure
of the utilised electrodes. Understanding phase evolution and the link with the Li distribution



























and properties of batteries with the aim to support designing improved electrode and electrolyte
materials. A major challenge in investigating batteries is accessing the wide range of relevant
scales, i.e. from electron and ion transport level to electrochemical cell scale. Another significant
challenge arises from the dynamism of the system, which is required to be enclosed, often leading
to the necessity of designing special cells for in-situ and operando investigations. In order to
address the multi-scale spatial and temporal components, here we report an operando investiga-
tion of a custom-made lithium-ion cell applying simultaneous multimodal neutron imaging and
diffraction.
While neutron and X-ray diffraction are well suited to observe lithiation and delithiation based
on crystallographic observations [6, 28, 27, 20, 8, 35], neutrons, in contrast to X-rays, provide high
visibility for Li, which allows direct observations of Li+ transport [30, 9, 23]. Diffraction imaging
thereby enables additional spatial resolution [21]. However, to date, only few in-situ/operando
studies employ a combination of such characterisation techniques to understand the fundamen-
tal processes in Li-ion batteries [35, 20, 36, 5, 12, 37, 38]. Zhou et al., in a recent study [36],
demonstrated the potential of conventional attenuation contrast neutron imaging in conjunction
with neutron diffraction measurements by investigating the Li/Li+ transport and heterogeneity
in a Li-ion battery on multiple length scales. However, neutron imaging and diffraction had to be
performed consecutively, and thus, separately. Furthermore, Kino et al. [11] employed diffraction
contrast neutron imaging [32], where diffraction provides a signal in wavelength-dependent trans-
mission imaging, to study the local crystallographic phase transformations in the electrodes of a
commercial battery. However, the envisaged advantage of direct spatial resolution in conjunction
with the contained diffraction information remained limited due to neutron flux and resolution
limitations. Here, in contrast, we do not only demonstrate an in-situ combination of attenuation
contrast imaging and diffraction, but we additionally exploit simultaneous diffraction contrast
imaging to investigate a model battery system in operando. The attenuation contrast of neutron
imaging provides local measures of the lithium uptake of and release from the graphite electrode
during the electrochemical cycle. Hence, it does, in principle, allow observations of various states
of lithiation, particularly of the lithium transport across the electrode. However, neutron atten-
uation is also very sensitive to the electrolyte and is regularly used for imaging the variations
of the electrolyte fill level in batteries [13, 7, 31, 35]. Thus, this implies potential bias in the
observation of lithium concentrations, in particular, if the electrolyte is not deuterated [36, 28],
as is illustrated by examples from pre-studies in the Supporting Information [22] (Figures S3 and
S4). Neutron diffraction allows the characterisation of the lithiation states and phase transitions
of the graphite electrode during the cycling process [35, 6, 28, 27] and therefore complements
the spatially resolved information obtained by imaging. Due to our in-situ approach, the respec-
tive information can be directly correlated. However, the diffraction information is not spatially
resolved. Therefore, here we utilise an additional imaging modality, enabled by performing wave-
length resolved imaging providing diffraction contrast through Bragg edges in the transmission
spectra. The results of diffraction contrast neutron imaging provide spatio-temporal maps of
the crystallographic phase evolution. Again, these results can be correlated and the findings of
diffraction contrast imaging are supported by the integral in-situ diffraction data. The combined
results of these simultaneously applied characterisation techniques offer a comprehensive view of
the processes in the electrode on multiple scales, from Ångströms to millimetres. Thus, this study
is suited to establish a proof-of-principle with wide implications for studying complex processes
including those in energy storage and conversion devices and batteries in particular. It is further-
more of utmost relevance for the design of instruments for sophisticated multimodal studies at
advanced neutron sources such as the European Spallation Source and in particular the Spallation


















































Figure 1: (a) Illustration of the custom-made model battery cell optimized for neutron imaging
investigations. (b) A zoom in the cell illustration of the region exposed to neutrons. (c) Neutron
attenuation coefficient image of the region exposed to neutrons. The cell components and the
components exposed to neutrons are indicated in the image.
Methods
The working principles and key capabilities of conventional neutron imaging and diffraction ap-
plied to Li-ion batteries have been reported earlier [13, 18, 23, 3, 17, 19, 20, 24, 11, 14, 36, 34,
25, 15, 38]. Relevant details regarding the multiple techniques applied here, and an illustration
of the integrative experimental set-up utilised (Figure S1), are presented in the Supporting In-
formation [2]. The experiments reported here were performed at the SENJU instrument [16,
10] on the beamline BL18 of the Materials and Life Science Experimental Facility of the Japan
Proton Accelerator Research Complex (J-PARC). For this experiment, the instrument, a single
crystal diffractometer by design, was retrofitted for multimodal investigations with an additional
time-of-flight imaging detector developed at UC Berkeley [26] to enable wavelength-resolved high-
resolution imaging at pulsed neutron beams [32].
Figure 1a depicts the electrochemical cell configuration designed and optimised for the in-plane
neutron imaging and diffraction investigations, and the key components are indicated. The region
of interest in the Li/graphite cell containing the active components in a stratified configuration
is enlarged in Figure 1b and juxtaposed to a corresponding attenuation contrast neutron image
of the corresponding in Figure 1c. The active electrode is a graphite-based pellet with 400 µm
thickness (projected height), 16 mm diameter with an active mass of 0.1297 g. The separator is
a glass microfiber filter with 260 µm (uncompressed) thickness. The counter electrode consists
of a metallic Li disk. The regions of the corresponding layers are indicated in the representative
colour coded neutron image in Figure 1c for straightforward identification.
Results
Six representative normalised attenuation contrast images at various stages of the first lithiation-
delithiation cycle are depicted in Figure 2a. Figure 2b displays the voltage profile of the electro-
chemical process, indicating the conditions at which the images in (a) are taken. The recorded
and reduced attenuation contrast images are normalised by the path length through the cylin-
drical sample. The images illustrate the detected increase in attenuation during lithiation which
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Figure 2: (a) Attenuation coefficient contrast images at different stages during the electrochemical
cycle. On the margins the lines indicate the graphite electrode position. (b) Voltage profile versus
time for the first cycle. The corresponding stages of the attenuation contrast images are indicated
with circles and numbered. (c) Average of y-profiles and their standard deviation across the x -
direction for the pristine, lithiated and delithiated states. The vertical lines roughly demarcate
the components.
is correlated with the Li+ migration and insertion into the graphite electrode. Accordingly, a
decrease of attenuation is detected during delithiation due to the reversal of the process. In Fig-
ure 2c, representative vertical line profiles of the attenuation contrast images are plotted based
on the average behaviour across the width of the electrode for the pristine, most lithiated and
delithiated states of the battery. The shaded area accompanying these line profiles illustrate the
deviations of individual line profiles across the electrode from the average. This indicates that
the Li distribution is rather homogeneous across the width of the electrode throughout the pro-
cess. The line profiles are further suited to identify the interfaces of the different layers of the
stratified structure. The effect of Li content build up in the graphite, and its different concentra-
tion from high values at the separator to much lower values towards the current collector in the
most lithiated state are clearly distinguished. In order to enable a straightforward assessment of
the lithiation and delithiation of the graphite electrode throughout the cycle, we utilise the fact
that the behaviour is homogeneous across the electrode width, which allows horizontal (x-axis)
integration. Thus, every time bin of the observed process can be represented by a profile like
shown in Figure 2c, which enables us to produce maps of the process in which one dimension is
the vertical image direction, and the other is time.
Figure 3 presents such maps of the attenuation (Figure 3b) and three different diffraction
contrast modalities extracted from the wavelength-dependent images (Figure 3c-e) alongside with
the electrochemical process profile of the galvanostatic cycling (Figure 3a) and the results of the
in-situ diffraction measurement (Figure 3f), where the vertical axis is crystallographic lattice
spacing. The diffraction contrast images are based on the analysis of different Bragg edges in the
attenuation spectrum [4]. The analyses focused on three narrow regions in the spectrum. Namely
in Figure 3c the local Bragg edge position is retrieved for an edge at approximately 2.32 Å. The
region contains two edges, where a position at nominally λ = 2.31 Å is indicative of graphite,
i.e. the (1 1 2) reflection of graphite 2H, P63/mmc space group [27], and a weaker edge at
nominally λ = 2.33 Å is related to the (3 0 2) reflection of the LiC12 P6/mmm space group [28].











Figure 3: (a) Voltage profile versus time for the first lithiation-delithiation cycle. (b) Attenuation
coefficient map of graphite electrode. (c) Map of Bragg edge position for two adjacent edges
of C and LiC12. (d) Map of a LiC6 Bragg edge height. (e) Map of Bragg edge height for two
overlapping edges of C and LiC12. (b-e) Each point is obtained by averaging the data over the
pellet along the x -direction and plotted according to the cycling time. The distance on y-axis
is given as: 0 is closer to the current collector and as it increases it gets closer to the separator.
(f) Neutron diffraction pattern during the cycling time.
(3 0 1) reflection of P6/mmm space group [6] in Figure 3d. Finally, in Figure 3e the height of an
edge at λ = 2.46 Å where the (1 1 0) reflection of graphite [27] and the weaker (3 0 0) reflection of
LiC12 [28] overlap is a measure of the presence of these two phases. While detection of this edge
hints at the presence of at least one of these two phases, the graphite edge is stronger, thus a loss
in edge height indicates the formation of LiC12, and the disappearance of the edge indicates the
formation of LiC6. Therefore, the analyses of these edges should provide full local information of
the phases present in the electrode.
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Figure 4: Map of relative attenuation change with increment of two hours; increasing attenuation
with regards to the previous 2 hours is displayed in brighter colors of green to yellow, decreasing
relative attenuation in darker, blue color range.
In Figure 3a the voltage profile from Figure 2b is replotted on the same time scale as the other
results to enable correlation of the measured data with the process status. During approximately
the first 10 hours of lithiation, the shoulder appearing at voltages between 0.8-0.2 V vs. Li/Li+
can be related to the formation of the solid electrolyte interphase (SEI) [1, 29], a thin passivation
layer formed on the graphite surface during the first cycle due to electrochemical decomposition
of electrolyte. This is clearly reflected in Figure 3b by a smooth increase of attenuation which
is almost uniform throughout the graphite electrode. It is accompanied by a commencing sig-
nificant increase of attenuation in the separator and Li electrode region, which appears to hint
to an increasing amount of electrolyte and is hypothesised to be due to electrolyte replacing the
consumed Li metal in this region. The diffraction contrast images (Figure 3c-e), and the global
diffraction results (Figure 3f) display no changes in this time span, underlining that no Li+ is
inserted in the graphite during this process period up to approximately 10 hours into the process.
Figure 4, which displays the changes in attenuation with an increment of about two hours presents
the subtle changes in the lithiation process, indicating that the SEI formation indeed possesses
a slight gradient in time from the separator interface towards deeper in the electrode and slows
down towards a minimum at approximately 10 hours.
Beyond that time, Li+ ingress into the graphite is detected by diffraction (Figure 3f) and
diffraction contrast imaging where the graphite Bragg edge at 2.31 Å starts shifting towards the
LiC12 edge at 2.33 Å (Figure 3c) and thus the crystallographic phase evolution determined by
the lithium insertion begins at a potential of 0.2 V vs. Li/Li+ [1]. A short uniform acceleration in
attenuation increase, i.e. Li uptake, is measured at this point in time, returning again to very small
values around 15 hours and shifting towards the separator interface (Figure 4). The Li+-insertion
strongly accelerates with the formation of LiC12 after approximately 20 hours (Figure 4), which
is clearly implied not only by diffraction (Figure 3f), but also by diffraction contrast imaging in
Figure 3c and e. Further, it slows down while moving deeper into the active electrode. Meanwhile,
a considerable gradient in Li-content from the separator towards the current collector [33] has
formed, evident in the attenuation contrast plot. After approximately 28 hours, the LiC6 content
reaches significant values (Figure 3d, f), but the growth in Li concentration is rather moderate
at that time and formation appears to start relatively centred in the layer (Figure 4). Already
at about 25 hours, before LiC6 formation commences, the LiC12 signal in the diffraction contrast
panel Figure 3c vanishes, which might partially be due to the large attenuation of the signal.
Beyond 28 hours, also the diffraction contrast in Figure 3e indicates a significant loss of LiC12
6
phase, in favour of LiC6, while the total Li-content hardly increases further (Figure 4) as the
graphite lithiation process was not complete. Despite the high attenuation, the diffraction contrast
signal of LiC6 is partially detected and displayed in panel (d) of Figure 3. Upon delithiation from
33 hours, the process is reverted and the Li-gradient is decreasing due to Li+-extraction foremost
at the interface. Interestingly the electrodes appear to move downwards (against the spring) by
approximately one pixel (55 µm) during the first hours of delithiation, indicated by apparently
increased attenuation at the peripheries of the graphite electrode (Figure 4). Between 36 and 46
hours, the peak of delithiation moves from the separator interface deeper into the pellet, while it
reaches a maximum between 40 and 42 hours (Figure 4), the onset of ultimately decreasing LiC12
phase (Figure 3). Delithiation beyond 45 hours is slower and relatively homogeneous throughout
the thickness after the lithiation gradient has vanished. The fully delithiated state at 55 hours
resembles the state of full SEI formation at about 12 hours. Overall, the SEI formation contributes
more in total to the attenuation increase in the graphite electrode than the Li+-insertion, which
is on par with the SEI only at locations of strongest insertion. These results seem to indicate
that during the delithiation all inserted Li+ are extracted again, and only the SEI remains in the
active electrode (compare Figure 2c).
Discussion
In summary, we have not only demonstrated that multimodal neutron imaging, namely atten-
uation and diffraction contrast imaging, can be combined with in-situ diffraction in a single
operando experiment, but the complementary information obtained provides unique insights for
battery research. Apart from macroscopic evaluations like the electrode volumetric expansion, the
redistribution of electrolyte, gas bubbles, and positional rearrangement (Figures S3-S5 in the Sup-
porting Information), the attenuation contrast enables observations of the SEI formation. This
information can be clearly offset from attenuation due to Li+-insertion based on the diffraction
information, both in diffraction contrast imaging and diffraction. The imaging methods further
enable the localisation of these processes, while diffraction can act as an integral control (compare
to Figure S6 in the Supporting Information). This way, a uniform formation of the SEI could
be observed throughout the graphite electrode and contributes the largest fraction of the atten-
uation increase in this regime. It has been directly observed that, in contrast, the Li+-insertion
creates a gradient in Li-content, which is higher towards the separator and Li+-insertion rates
appear highest during LiC12 formation in our active electrode. Further, it could be observed that
basically all inserted Li was extracted during the delithiation process and the state at the end
of SEI formation could be reproduced. The results suggest that the SEI formation was largely
complete and did not advance significantly when Li was inserted. The diffraction imaging sig-
nal furthermore enables the exclusion of potential bias due to electrolyte movement and bubble
formation as compared to sole attenuation contrast imaging and adds spatial resolution to phase
transformation observations in contrast to diffraction. This enabled unique insights into the local
SEI formation and Li+-insertion dynamics, which are essential in understanding the lithiation
process.
It is thus concluded, that this in-situ process characterisation is superior to separate individual
measurements with different techniques and holds great potential for battery studies and most
likely also for several other fields of applied material research. Novel neutron sources like the
European Spallation Source (ESS) and in particular the Spallation Neutron Source (SNS) with
its second target station instrumentation currently under consideration are promising to enable
sophisticated combinations of these techniques for advanced in-situ and operando studies.
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1 Experimental methods
1.1 Electrochemical cell design and assembly
An in-situ electrochemical cell optimised for in-plane neutron imaging and diffraction investi-
gations has been developed. A schematic of the custom-made electrochemical cell is presented
in Figure 1a in the main text. The main features of this cell design are a cylindrical in-plane
electrode alignment and an adjustable electrode height (layer thickness). This enables in-plane
imaging and thus depth profile observations. The adjustable electrode height allows the usage of
different electrode layer thicknesses.
The electrochemical cell has two electrodes with 16 mm diameter, a thick graphite-based
active electrode (400 µm) – the region of interest in this study – and a metallic Li reference
electrode (Li ribbon, 99.9 %, Merck, 750 µm thick). The electrodes are separated by a glass
microfiber filter (Whatman Grade GF/A, 260µm thick). The three components were immersed
in electrolyte (1M Lithium hexafluorophosphate in Ethylene Carbonate: Dimethyl Carbonate
(1M LiPF6 EC/DMC=1:1 vol.%), BASF) and compressed between current collectors of stainless
steel (316SS - an electrochemically stable material). Altogether, these were encased in a neutron
transparent Al cell housing with an inner diameter of 18 mm and an isolating inner polytetraflu-
oroethylene (PTFE) layer with a thickness of 1 mm in the imaged area. The cell was sealed by
O-rings, which were fixed between the casing, the polyether ether ketone (PEEK) clamping rings
and the current collectors.
The thick graphite-based electrode was prepared in three steps. First, 88 wt.% natural
graphite powder (Formula BT, SLC 1520P, Carbo Tech Nordic ApS) as the active material
was dry mixed in a mortar with 3 wt.% of conductive carbon (carbon black, Cabot Corporation,
USA), and 9 wt.% of PTFE (Polytetrafluoroethylene, Sigma-Aldrich) as the binder. Second, the
homogeneous powder mixture was pressed into a 16 mm-diameter disk pellet by applying 3 tons
of pressure with a SPECAC press. Finally, the pellet was dried in BÜCHI Glass Oven B-585
vacuum furnace within a glovebox with Argon atmosphere. The temperature in the oven was
set to 80◦C for 4 hours and further increased to 120◦C for 10 hours. The pellet was kept under
Argon atmosphere thereafter until the electrochemical cell was assembled, i.e. a day prior to the
experiment allowing electrolyte to disperse through the porous electrode.
1.2 Operando neutron investigation details
Neutron time-of-flight (ToF) measurements carried out using a polychromatic cold neutron beam,
having a wavelength range from 2.0-6.4 Å, and a Maxwellian spectrum peaking at 2.3 Å. The
neutron flux was approximately 6.5 × 107 n s−1cm−2 at the sample position at 34.8 m from the
source, which operated at a power of 500 kW.
For ToF neutron imaging, a neutron imaging microchannel plate detector [6] was added to the








































Figure 1: Schematic of utilised neutron instrument set-up based on the SENJU diffractometer
at J-PARC, retrofitted with a time-of-flight imaging detector for spatially resolved transmission
measurement. B indicates the battery sample.
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order to utilise the intrinsic detector resolution of 110 µm. The field-of-view of the detector was
28.16×28.16 mm2 featuring a 512×512 pixel array with a pixel-size of 55 µm.
Two different time scales have to be considered for a time-resolved ToF imaging experiment,
the ToF and the scanning time. The scanning time gives the resolution of the imaged process,
which was set by an acquisition time of 15 minutes plus additional tens of seconds for data
read-out. Each of these time bins of approximately 15 minutes resolving the process consists of
1774 individual ToF images accumulated with a 25 Hz repetition frequency, corresponding to the
neutron source frequency. The time bin of these 1774 ToF images is 20.48 µs, which corresponds
to a wavelength resolution of ∆λ/λ = 0.24% for the probed spectrum. Five read-out gaps, each
of 400 µs, were needed by the detector to read-out the data before it reached saturation. This
results in small gaps in the probed spectrum, which can however be distributed strategically to
avoid the loss of regions of interest in the spectrum.
The SENJU diffractometer has 12 detector modules surrounding the sample position at
800 mm (equatorial distance). Each module contains three scintillator area detectors stacked
vertically (25 mm vertical gap between detectors), each with an area of 256×256 mm2, divided
into 64×64 pixels with the pixel size of 4×4 mm2, offering an angular coverage of approximately
0.103 steradians per detector [3]. However, the retrofitted ToF imaging detector downstream of
the sample obscured most forward scattering detector banks. Thus a limited detector coverage
was utilised and the 90-degree diffraction detector modules (in relation to the incident beam
direction) cover a crystallographic d-spacing range of 1.7-4.4 Å for the utilised ToF spectrum.
Graphite, LiC12, and LiC6 display their most intense diffraction peaks in this range. These mod-
ules provide ∆d/d = 0.011 d-spacing resolution at FWHM. During the electrochemical cycle,
neutron events were collected continuously. Each neutron event is recorded with an associated
detector position and a timestamp.
For the measurements, the beam was limited to 1 mm height in front of the sample, in order to
limit scattering from other parts of the sample except the region of interest. Neutron data was ac-
quired in-situ during galvanostatic cycling conditions. The in-situ as-assembled (pristine) electro-
chemical cell was operated at a constant current in the voltage range of 0.001–3.000 V vs. Li/Li+
for one cycle. The voltage profile of the electrochemical cell is plotted in Figure 2b and 3a in the
main text. The theoretical capacity of graphite was taken as 372 mAh g−1, based on LiC6 as the
fully lithiated state. The cell was cycled at 1.369 mA, corresponding to C/35 cycling rate, as cal-
culated from the theoretical capacity of graphite. The cell exhibits approximately 286 mAh g−1
capacity during the first lithiation, excluding the apparent capacity during the SEI formation,
and reaches a delithiation capacity of 246.7 mAh g−1. The cycling was done using a CompactStat
electrochemical workstation by Ivium.
1.3 Diffraction contrast neutron imaging
While attenuation contrast imaging and neutron diffraction are well-known techniques [5, 10, 8, 7]
for structural investigations on the macroscopic and atomic length scales, respectively, diffraction
contrast imaging is a less conventional approach [9].
Diffraction contrast neutron imaging is based on recording wavelength-resolved images and
analysing pixel-wise wavelength-dependent features of the transmission spectra. The attenuation
of the neutron beam is caused by both absorption and scattering. While the wavelength depen-
dence of the absorption is smooth and moderate in the cold neutron regime, in particular, the
coherent elastic scattering of crystalline materials can have a distinct signature on the spectrum
due to Bragg diffraction. For a polycrystalline material with random grain orientation, so-called
Bragg edges appear in the attenuation spectrum at wavelengths λ = 2dhkl where the scattering
angle θ = 90◦ and thus no longer wavelengths can be diffracted at the corresponding hkl lattice
3
planes. Correspondingly, the transmission is rising steeply beyond such wavelength constitut-
ing the Bragg edge. Analyses of these edges, thus, enables the identification of crystallographic
phases, lattice strains and signatures of texture, similar to diffraction data, but locally for every
pixel of the imaging detector [9].
Figure 2 displays the theoretical attenuation spectra for the main phases of the graphite
electrode during cycling. The graphite 3R spectrum contribution was negligible. The spectra
were calculated with the dedicated program nxsPlotter [1]. Figure 2 inset focuses on the Bragg
edges utilised for the analyses in this work, more specifically the hashed regions. These are (i)
the graphite 2H (1 1 2) edge at λ = 2.31 Å and the LiC12 (3 0 2) edge at λ = 2.33 Å. With
commencing lithiation of the graphite, this edge moves gradually from the graphite to the LiC12
edge position and thus clearly indicates this phase transformation. Analysing the edge position
in this regime for each pixel of the recorded ToF image data sets, therefore, provides information
on the local lithiation state with respect to this lithiation phase (compare panel (c) in Figure 3
in the main paper). (ii) the (3 0 1) Bragg edge of LiC6, which is located at λ = 2.36 Å, is
sufficiently distant from other Bragg edges of the system to be analysed independently. Its height
will, thus, correlate with the amount of LiC6 formed in the electrode (compare Figure 3d in the
main text), (iii) the graphite 2H (1 1 0) Bragg edge is found at λ = 2.46 Å and coincides with
the LiC12 (0 0 3) Bragg edge at the same wavelength. Thus this Bragg edge will be present as
long as either the graphite phase or the LiC12 phase will be present at the analysed location of
the sample/image, but it will weaken and disappear upon transformation to LiC6, which has no
significant Bragg edge in this region (Compare panel Figure 3e in the manuscript). The greater
height of the carbon edge even enables, to some extent, tracing of the transformation of the
graphite phase to the lithiated LiC12 phase, when assuming that the transformation to LiC12 is
complete throughout the integrated location before the transformation to LiC6 happens. As a
consequence, the Bragg edge position and height analyses of edges at these three positions enable
a complete picture of the local phase transformation kinetics during the cycling process.
2 Data processing
2.1 Image analysis
Data analysis was focused on a region of interest of 12× 324 pixels, i.e. 660 µm × 17.8 mm. The
data was normalised by open beam (i.e. no sample in the beam) images to obtain transmission
images. The transmission values were transformed to projected attenuation coefficient values
based on the known sample thickness and the Beer-Lambert law. Due to the evident lateral
uniformity, the data was averaged horizontally (along x-direction), which improved statistics and
enabled the intuitive visualisation, by utilising correlated panels including time dependence and
depth profile resolution of the graphite electrode.
The corresponding wavelength-resolved imaging data of 12 spectra per process time bin had to
be further analysed to be presented in several panels. ToF was converted to wavelength according
to the de Broglie relationship. The regions of the selected Bragg edges, 100 wavelength bins
centred on the nominal position of the edges (Figure 2) were selected. A Fourier filtering function
was applied to the segments of data points to smooth the data. The local maximum and minimum
before and after the nominal Bragg edge position were determined, respectively. Subsequently,
three linear functions separated by the maximum and minimum points encompassing the edge
were fitted according to the procedure of Ref. [2]. The fit determined the position, height, and
width of the edges. The three fitted parameters were checked for validity, and the pixels where
fitting failed, were disregarded (compare Figure 3c-e in the manuscript). For the three Bragg
edge regions of interest, the respective required fitting parameters were extracted for each pixel
4




































































Figure 2: Left y-axis: Attenuation coefficient spectrum of main phases (graphite - hexagonal
structure (2H), graphite - rhombohedral structure (3R), LiC12 and LiC6) found in electrochem-
ically lithiated graphite. Right y-axis: Measured neutron spectrum at SENJU. Inset: Zoomed
section of the spectrum with the Bragg edges of interest in this study: at λ = 2.31 Å for graphite
2H (1 1 2), at λ = 2.33 Å for LiC12 (3 0 2), at λ = 2.36 Å for LiC6 (3 0 1), at λ = 2.46 Å for
graphite 2H (1 1 0), and at λ = 2.46 Å for LiC12 (0 0 3).
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Figure 3: Attenuation contrast images of cell during lithiation, overlapping in a time series, to
illustrate a significant electrolyte movement away from the active electrode with and against
gravity.
and plotted into the three iffraction contrast panels presented in Figure 3.
2.2 Powder diffraction analysis
For the upper 90-degree detectors, the raw data was reduced to 1-dimensional histograms, by
radially integrating over the scattering coverage with 0.002 Å d-space binning. The data from
both opposing detectors were combined in the 3.2-3.7 Å d-range for improved statistics. The data
was reduced to time bins matching the time resolution of the imaging data, i.e. approximately 15
min. The peaks were individually fitted as follows: the intense single peaks were fitted with an
asymmetric pseudo-Voigt function, the overlapping double peaks were fitted with a combination
of pseudo-Voigt functions, and low-intensity peaks from LiC6 at 3.699 Å were fitted by a Gaussian
function.
3 Additional data and figures
In the main paper, we discuss the influence and bias of electrolyte on the observation of Li
redistribution during lithiation-delithiation processes. Here, we illustrate these effects by two
observations related to pre-studies of the presented measurements of the main paper. Figure 3
shows a time sequence of attenuation contrast images of a similar cell recorded at the neutron
imaging instrument RADEN at J-PARC [4]. The images are taken during lithiation, while the cell
was lithiated at a C/34 rate. The sequence illustrates the significant redistribution of electrolyte
due to its polarisation in a cell only partially filled with electrolyte. In the incipient state at
OCV, the electrolyte, affected by gravity, fills evenly the lower part of the cell surrounding the
electrochemically active electrode. When current is applied over the course of several hours,
parts of the electrolyte migrate against the ionic flow and against gravity to regions above the
separator, leaving the graphite electrode covered with an uneven thin film. The images also
illustrate the strong effect of the electrolyte filling on the contrast achieved and the potential for
detailed observations of the electrolyte distribution and redistribution in a battery by neutron
imaging.
However, in particular when the electrolyte distribution is irregular, as e.g. in the case of
bubbling and small reservoirs with changing filling state, the electrolyte contribution is difficult
to disentangle from the Li redistribution in attenuation contrast images, and thus there is a
significant risk of bias to the analyses of Li and electrolyte redistribution. Figure 4 illustrates
situations, where such irregular distributions become obvious. Figure 4 shows examples from
two samples at different charging states, which, for better visibility, have been normalised to the
fully lithiated state of the respective sample. Thus, bright areas are created by lower attenuation
6





























Figure 4: Detail images of relative attenuation contrast of two (a and b) cells (each normalised
to its lithiated state) illustrating the impact of irregular changes of electrolyte distribution due
to e.g. bubbles and reservoirs (highlighted by blues circles).
as compared to the lithiated state, while darker areas indicate more attenuation. Some distinct
features that cannot be attributed to regular Li exchange but resembling bubbles and some
different partial filling reservoirs are clearly identifiable in this case.
Another macroscopic effect observed with attenuation contrast imaging is the volumetric ex-
pansion of the graphite electrode. Figure 5 shows the horizontal expansion of the active electrode
upon lithiation.
Finally, as stated in the manuscript Figure 6 illustrates an integral correlation of the diffraction
contrast imaging data and the diffraction results. A qualitative resemblance can be achieved
despite the high noise level of the imaging data, where for this comparison a simple pixel count
after application of a threshold for the Bragg edge position displayed in Figure 3c and d has
been utilised for the evaluation of the graphite, intermediate and LiC12 phase. The LiC12 phase
disappears in the imaging data due to a vanishing signal in this range at the high attenuation
























Figure 5: Transmission images showing the horizontal expansion of the active electrode. The
corresponding components are indicated.
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Figure 6: Diffraction contrast pixel count relative to different identified phases (a) versus analysed
diffraction peak area (b) plotted against process time.
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